On the lock-on of vortex shedding to oscillatory actuation around a circular cylinder Phys. Fluids 25, 013601 (2013) Numerical simulation of airflow in a solar chimney for cooling buildings in the city of Yazd J. Renewable Sustainable Energy 4, 063147 (2012) Theoretical photo-thermo-hydrodynamic approach to the laser ablation of metals J. Appl. Phys. 112, 123112 (2012) p-InGaN/AlGaN electron blocking layer for InGaN/GaN blue light-emitting diodes Appl. Phys. Lett. 101, 261106 (2012) Additional information on AIP Conf. Proc. Abstract. The objective of this work was to present a compartmental deterministic mathematical model for representing the dynamics of HLB disease in a citrus orchard, including delay in the disease's incubation phase in the plants, and a delay period on the nymphal stage of Diaphorina citri, the most important HLB insect vector in Brazil. Numerical simulations were performed to assess the possible impacts of human detection efficiency of symptomatic plants, as well as the influence of a long incubation period of HLB in the plant.
INTRODUCTION
Citriculture has a great importance for the Brazilian agricultural market, a business that handles about 4.5 billion dollars per year and it is responsible for creating over 400 thousand direct and indirect jobs [1] .
Nowadays, one of the most serious problems of citrus worldwide is Huanglongbing (HLB) or citrus greening, a disease caused by the bacteria Candidatus Liberibacter spp. Although HLB is a century old disease [2] , it was found in orchards of São Paulo State, the main citrus-producing region in Brazil, which currently accounts for about 60% of the orange juice produced worldwide [1] . In Brazil, the HLB is transmitted mainly by the psyllid Diaphorina citri, which can acquire the bacteria when it feeds on infected plants [2] .
HLB has no cure and affects all citrus varieties, reducing the productivity of orchards because the fruits of infected plants have poor quality and, in extreme cases, infection leads to plant death. HLB has no cure and affects all citrus varieties. Moreover the disease has a long incubation period during which the plant is asymptomatic but infectious. The main recommendation for disease control is to periodically remove symptomatic plants and to control the psyllid vector population [2] .
Mathematical models have been developed and they are important in understanding the dynamics of vectortransmitted plant pathogens [3, 4, 5] . Recently, Chiyaka et al. [6] proposed a compartmental model of ordinary differential equations for the HLB transmission dynamics within a citrus tree considering 10 compartments related to the developmental stages of psyllid life cycle, adult insects and flush population without delay time.
From the preliminary studies conducted by Braga et al. [7] , this paper presents a deterministic compartmental mathematical model to analyze HLB spread between citrus plants, based on the dynamics of plants and adult insects populations. The model considers two cases of delay: 1) the HLB's incubation period in the plant, 2) the duration of vector's egg-nymph period. Different rates of periodic removal of symptomatic plants are tested through simulation to evaluate the impact of human efficiency in identifying the disease in the field, and the consequent removal of symptomatic plants.
MATHEMATICAL MODEL
The compartments considered in the model are shown in Fig. 1 Let τ h the duration of HLB incubation in the plant; τ v the duration of insect's egg-nymph cycle; φ v (t) the intrinsic growth function of non-infective adult insects; ξ v (t) the intrinsic growth function of adult insects that acquired HLB during nymphal stages; λ h (t) the force of infection from insects to plants and λ v (t) the force of HLB acquisition by insects. The scheme in Fig. 1 can be mathematically represented by the following ordinary differential equations system:
where:
N h (t) , and the parameters for the model with their respective values used in numerical simulations are shown in Table 1 . All parameters are nonnegative.
The intrinsic growth functions φ v (t) and ξ v (t) consider a delay process related to egg-nymph stage on insect population (τ v ), and are expressed by the product of the success rate of egg-nymph period, α(t), and the proportion of infectious and susceptible hosts, respectively. It is implicit in the expressions of ξ v (t) and φ v (t) that the probability of disease aquisition by the vector along its nymphal stage is 1, based on Nascimento [13] .
Both α(t) and the mortality rate, μ v (t), were adjusted as sine functions so the total population of vectors N v presents a specific behavior close to a sine function with a maximum in January, based on Yamamoto et al. [14] . Specifically, we defined α(t) and μ v (t) as
where a 0 , ..., a 5 were adjusted to minimize the distance between N v (t), obtained by the numerical solution of (1) The force of HLB acquisition by insects, λ v (t), is defined by the product of the probing rate of hosts per time unit (b), the probability of disease acquision by adult insects (p v ) and the proportion of infectious hosts ((E h (t) + I h (t))/N h (t)). The force of infection from insects to plants is calculated similarly, considering the both adult insect population (those who acquired the pathogen at the nymphal stage or adult stage) corrected by the vectorial capacity of insects, which is the ratio between insect and the host populations [15, 16] .
In Brazil, the removal of symptomatic plants is mandatory [17] and the producer must periodically scout for symptomatic plants, at least every 3 months. Thus, the model is simulated considering periodic removal (t r ) of symptomatic plants (I h (t)), when all the plants identified as contaminated are removed based on the human detection efficiency ε [11] . Thus, the model (1) determines the dynamics of compartments between two successive removals and, at each removal time, the population of symptomatic plants is reduced proportionally to ε.
RESULTS
The simulation results are shown in figures 2 and 3. In Fig. 2 we show the dynamics for all the compartments of the model assuming the average values for the parameters given in Table 1 . For this simulation we consider that there are only susceptible citrus and non-infective psyllids for t < 0, and a sudden appearance of a small number (5%) of infective vectors (I a v ) at t = 0. The result is that after five years, all the citrus plants will be infected nonetheless we consider the removal of symptomatic trees every 3 months (t r = 3) with an efficiency of 47% (ε = 0.47). It is also worthwhile to point that after some time all the insects will be in the I n v compartment. In Fig. 3 we verify the effectiveness of three possible disease controls for two scenarios of incubation period: τ h = 6 and τ h = 18 months. We verify that if it were possible to lower the probing rate of hosts for insects it would result in a much small number of infected plants (Fig. 3a) . Equally effective would be to reduce the number of vectors (N v ) present in a field (Fig. 3b) .
The last strategies we tested were to change the removing period (t r ) and the detection efficiency of symptomatic plants (ε). For the former simulation we tested three different values of t r from the lowest to the highest value of incubation period (τ h ) found in the literature (Fig. 3c) . This control is only effective if the incubation period is not high. When we tested the effect of a better ε, we get a very similar result, i.e., it would be effective only in the case of a low incubation period.
We can conclude that the best disease control would be achieved by the reduction of both the probing rate of hosts by insects and the number of vectors in the production area. Should the HLB incubation period be low enough it would also be effective to better train the scouting teams and to perform the removals at shorter intervals [18] . 
CONCLUDING REMARKS
The motivation for the work presented here is related to the importance of citrus industry in Brazil, where a series of studies in six different regions are being actually carried out by Brazilian Agricultural Research Corporation (Embrapa), but the data are noy yet published. However, we can point out some improvements in the model to be performed in a future work. We used fixed delay in the disease's incubation phase in the plants as an approximation to the mean behaviour of the model. The use of Gamma distributions [19] would give richer results but we haven't yet enough biological data to fit such distributions.
The model could bring into account an explicit spatial distribution. However, the estimates for HLBâȂŹs dispersal scale show spatial correlations between infected plants ranging from 25 to 70 metres [20] . In Brazil, such estimates range from 55 to 100m [21] . Considering the mean distance between plants in a citrus grove is 6m and our model is concerned to HLB spread within a grove, we wouldnâȂŹt expect our results to be very different if we explicitly consider the spatial dimension.
With regard to the duration of disease's incubation phase in the plants, we have based our choice of 6 and 18 months in the tests as they are respectively the minimum and maximum values based on BovÃl' [2] . Moreover, citrus growers in Brazil have been reporting symptom cycles varying between 6 and 12 months, and some unpublished studies failed to identify cycles with less than 6 months for field data in Brazil. Nevertheless, in a future work we can consider lower periods [20] and even perform tests for incubation periods between 2 and 6 months as well.
The control options presented in this short paper are very simple. For example, we performed a preliminary analysis considering scenarios with different occurrences of the vector. We intend to explicitly explore different processes of insect removal. Such processes can be as different as the use of biological control, attractive and repellent plants (pull and push strategy), different classes of insecticides or a combination of methods.
Such improvements in the model as well as the use of new data from biological experiments for a better model parameterization will allow us to reach more appropriate and realistic results about the HLB spread in the field.
